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ABSTRACT
Sami D. Alnajjar M.Sc. The University of Memphis. May 2015. Fault ride
through capability Improvement of the Grid Connected Fuel Cell System by Series
Dynamic Braking Resistor. Major Professor: Dr. Mohd Hasan Ali.
As the penetration of the fuel cell power system continues to increase, it is
required to keep them connected during grid faults and contribute to system stability after
fault clearance. Improving the Low Voltage Ride Through (LVRT) is required to enhance
system stability during the grid fault and voltage sag. To meet the national grid
operational requirements, the fuel cell Distributed Generation (DG) must be connected to
the grid through some control devices to maintain the transient stability of the grid during
the fault. In this work, the Series Dynamic Braking Resistor (SDBR) methodology is
proposed to enhance the low voltage ride through capability of the fuel cell during any
fault in the power network. The SDBR is connected at the grid side. Simulations have
been performed by using the MATLAB/Simulink software. The simulation result shows
that the SDBR is capable of improving the grid voltage and minimizing the active power
drop, which can keep the fuel cell connected to the grid during the fault condition and
meet the grid code requirement.
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I. INTRODUCTION
A) Background study
The increase in environmental pollution, global warming, electrical power demand,
and cost operations lead to necessary research for alternative energy sources [1], [2]. Fuel
cells are one source of renewable energy, which generate electricity by converting the
chemical energy from fuel and air into electricity through a chemical reaction. The first
discovery of fuel cells was in 1839 by Welsh physicist and Judge Sir William Grove. Fuel
cell technology was not significantly used until the early 1950s due to the high cost of
operation [3], [4]. Over the last decade, the interest in fuel cell energy has increased rapidly
due to its silent operation, operation in extreme temperatures, and its flexibility installation
in the distribution system, which can be easily placed at any site in a power system for grid
reinforcement. Therefore, upgrading the system is not required, and system integrity and
reliability will be improved. Also, it has a high efficiency which ranges from 40-60% and
low emission of pollutant gases [5].
There are several types of fuel cells, such as Proton Exchange Membrane
(PEMFC), Molten Carbonate Fuel Cells (MCFC), and Solid Oxide Fuel Cell (SOFC)
which could be used in Distributed Generation (DG) applications [5], [6], [7], [8], [4]. The
fuel cell can be connected at the grid with other generation sources, such as photovoltaic
(PV), wind energy, or synchronous generator. In that case, it is important to study the fault
ride through capability or transient stability issues to meet the gird code regulation
requirements. Among the alternative fuel cells, the SOFC and MCFC are the most
promising fuel cell types due to their high operation temperature [1], [7], [8], [9].
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B) Motivation
There are several factors that increased the interest in studying fuel cell stability. As
mentioned earlier, due to the increase in the power demand and decrease in the energy
sources, the interest in renewable energy is increasing leading many researcher to focus
on this energy field. Also, the fuel cells have low operating cost, and the low emission of
pollutant gases will reduce the global warming. In the last decade, the fuel cell usage
increased and have been used in different fields, such as backup power, military,
distributed generation, and specialty vehicles.
Another fuel cell advantage is that it can be placed at any part of the distributed
system, which requires no upgrading to the system. In order to connect the Fuel Cell
Distributed Generation to the grid along with other distributed generations, the stability
issues must be solved during any disturbance. Meeting the grid code operation
requirement which states that the distribution generation must remain connected during
any disturbance is essential. Some studies have been completed in the area of interface
devices, but the interface device may not fully stabilize the system without any additional
control means when a fault occurs. In this thesis, the Series Dynamic Braking Resistor
(SDBR) is proposed as one of these additional control means that can stabilize the system
during any fault in the grid.
C) Objective
The objectives of this thesis are:
1. To study the performance of the SOFC under different transmission faults.
2. To use an auxiliary device to minimize the fault effect on the power system and
improve the grid fault ride through capability.
2

II. LITERATURE REVIEW OF FUEL CELL
A) Fuel Cells
Fuel cells are electrochemical devices that convert the energy in the fuel into electricity
with high efficiency and low environmental impact [5]. Each unit, which is the basic
component of the fuel cell, has mainly three components known as anode, cathode, and
electrolyte that separate the anode and the cathode. During the chemical reaction, the
hydrogen and oxygen converted into water and release electrons. The ions which are
produced during the electrochemical reactions at one of the electrodes are conducted to
the other electrode through the electrolyte as shown in figure 1. Each single cell can only
generate a small amount of power. In order to generate meaningful quantities of power,
many single cells should be connected in series.

B) Type of Fuel Cells Technologies
As mentioned earlier, there are several types of fuel cells, which could be used in
distributed generation (DG) application. The fuel cells are classified by the electrolyte
and fuel type that is used [1]. Such as


Polymer electrolyte fuel cell (PEFC) or Proton Exchange Membrane Fuel Cell
(PEMFC)



Alkaline fuel cell (AFC)



Phosphoric acid fuel cell (PAFC)



Molten carbonate fuel cell (MCFC)



Solid oxide fuel cell (SOFC)
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The operating temperature and application comparison of the common fuel cells types is

shown in table (1).

Table 1. Data of different type of fuel cells [7].
Mobile Operating
Fuel cell type
Ion
temperature
Alkaline (AFC)
Proton Exchange
membrane (PEMFC)
Direct methanol
(DMFC)
Phosphoric acid
(PAFC)
Molten carbonate
(MCFC)

𝑂𝐻 −

50-200𝑜 𝐶

𝐻+

30-100𝑜 𝐶

𝐻+

20-90𝑜 𝐶

𝐻+

~220𝑜 𝐶

𝐶𝑂32−

Solid oxide (SOFC

𝑂2−

~650𝑜 𝐶
5001000𝑜 𝐶

Applications and Notes
Used in space vehicles, e.g. Apollo,
Shuttle,
Vehicles and mobile applications, and for
lower power CHP systems
Suitable for portable electronic systems of
low power, running for long times
Large numbers of 200-kW CHP systems
in use
Suitable for medium- to large-scale CHP
systems, up to MW capacity
Suitable for all sizes of CHP systems,
2kW to multi-MW.

1-Proton Exchange Membrane Fuel Cell (PEMFC):
The PEMFC uses a water-based, acidic polymer membrane as an electrolyte. The pure
hydrogen is used as fuel and processed at the anode where electrons are separated from
protons on the surface of a platinum-based catalyst [7]. The protons pass through the
membrane to the cathode side of the cell while the electrons travel in on external circuit
as shown in figure 1. On the cathode side, another precious metal electrode combines the
protons and electrons with oxygen to produce water. The reaction that occur at the
electrodes of the PEMFC is given by the equations below
At the cathode:
1
2

𝑂2 + 2𝐻 + + 2𝑒 − → 𝐻2 𝑂

4

(1)

At the anode:
𝐻2 → 2𝐻 + + 2𝑒 −

(2)

The overall reaction:
1

𝐻2 + 2 𝑂2 → 𝐻2 𝑂

(3)

Fig. 1. Scheme of a Proton Exchange Fuel Cell [10].

2-Solid Oxide Fuel Cells (SOFC):
In the SOFC, the solid ceramic compound of metal oxides is used as electrolyte. From
figure 2 it can be seen that the oxygen will flow through the cathode and only oxygen
ions are permitted to pass through the electrolyte to the anode where the oxygen ions

5

react with the hydrogen and give off electrons to the external circuit. The reaction that
occur at the electrodes of the SOFC is given by the equations below
At the anode:
2H2+2O2- →2H2O+4e-

(4)

O2 +4e- →2O2-

(5)

At the cathode:

The overall reaction:
2H2+O2 →H2O

Fig. 2 Scheme of a Solid Oxide Fuel Cells [10].

3-Direct Methanol Fuel Cells (DMFC):

6

(6)

The use of platinum-ruthenium catalyst eliminates the need for a fuel reformer. It
operates at temperature of 20oC ~90o C. These cells use the methanol directly as the fuel
and have very low powers and that is due to the slow anode reaction of the DMFC
comparing to the hydrogen [7]. Figure 3 shows that the methanol is used as fuel that will
flow through the anode electrode and that oxygen will flow through the cathode electrode
while the hydrogen ions are diffusing from the anode to the cathode where the hydrogen
ions and oxygen combine and produce water.
The reactions that occur at the electrodes of the DMFC are given by the equations
below:
At the anode:
𝐶𝐻3 𝑂𝐻 + 𝐻2 𝑂 → 6𝐻 + + 6𝑒 − + 𝐶𝑂2

(7)

At the cathode:
3
2

𝑂2 + 6𝐻 + + 6𝑒 − → 3𝐻2 𝑂

(8)

The overall reaction:
3

𝐶𝐻3 𝑂𝐻 + 2 𝑂2 → 2𝐻2 𝑂 + 𝐶𝑂2

7

(9)

Fig. 3 Scheme of a Direct Methanol Fuel Cells [10].

4-Alkali Fuel Cells (AFC):
Alkaline fuel cells (AFCs) were one of the first fuel cell technologies developed [11]. The
AFC uses a solution of potassium hydroxide in water as their electrolyte. It operates at
temperature of 50o ~200oC and has power generation efficiency from 60~70%. They use
pure hydrogen as fuel. For the reaction in an AFC, at the anode hydroxyl ions react with
hydrogen and release energy and electrons, and produce water. However, at the cathode,
oxygen reacts with electrons taken from the electrode. The hydroxide ions are traveling
from the cathode to anode through the electrolyte. The chemical reactions that take place
in the cell of the AFC are shown in the Fig. 4 below and given by these equations
At the anode:
2𝐻2 + 4𝑂𝐻 − → 4𝐻2 𝑂 + 4𝑒 −
At the cathode:
8

(10)

𝑂2 + 2𝐻2 𝑂 + 4𝑒 − → 4𝑂𝐻 −

(11)

The interest in AFC is declined due to several issues that are related to high cost for
commercial application, reliability, and ease of use. However, several companies are
examining ways to reduce the cost. Nevertheless, due to its high power generation
efficiency, AFC has been used by NASA on the Shuttle Orbiter craft and the Apollo [7].

Fig. 4 Scheme of Alkali Fuel Cells [10].

5-Molten Carbonate Fuel Cells (MCFC):
The MCFC uses the molten carbonate salt as the electrolyte. It operates at temperature of
650o C and has power generation efficiency from 45~50%. Nevertheless, the efficiency of
the MCFC can be improved to 65% when coupled with a turbine. Due to the high
temperature operation MCFC can achieve good reaction rate by using a comparatively
9

inexpensive catalyst nickel [7]. Also, due to the high temperature, an external reformer is
not needed to convert fuel to hydrogen, these fuels are converted to hydrogen within the
fuel cell itself by a process called internal reforming, which also reduces cost [11]. The
oxygen and the carbon dioxide will flow through the cathode side, while the hydrogen
and carbon monoxide will flow through the anode side, the electrolyte will permit the
carbonate ions to travel from the cathode to the anode side, as shown in figure 5.The
chemical reactions that take place in the cell of the MCFC are shown on the diagram
below and given by these equations
At the anode:
2𝐻2 + 2𝐶𝑂32− → 2𝐻2 𝑂 + 2𝐶𝑂2 + 4𝑒 −

(12)

2𝐶𝑂2 + 𝑂2 + 4𝑒 − → 2𝐶𝑂32−

(13)

2𝐻2 + 𝑂2 → 2𝐻2 𝑂

(14)

At the cathode:

The overall reaction:

Fig. 5. Scheme of a Molten Carbonate Fuel Cells [10].
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6-Phosphoric Acid Fuel Cell (PAFC):
The phosphoric acid fuel cell is the first fuel cell to be used in commercial application.
The PAFC uses liquid phosphoric acid as an electrolyte, where the acid is contained in a
Teflon-bonded silicon carbide matrix and porous carbon electrodes containing a platinum
catalyst [11][7]. By comparing the PEM and PAFC, the PAFCs are more tolerant of
impurities in fossil fuels that have been reformed into hydrogen, while the PEMs are
easily poisoned by carbon monoxide and pure hydrogen and oxygen must be used as fuel
[7]. In the PAFC the hydrogen is supplied to the anode and the oxygen is supplied to the
cathode. At the anode, the hydrogen reacts at the electrode surface to produce hydrogen
ions and electrons. The hydrogen ions migrate to the cathode through the electrolyte. At
the cathode, the hydrogen ions and oxygen combine and produce water as it is shown in
figure 6.
The reaction that occur at the electrodes of the PAFC is shown in figure (6) and given by
the equations below
At the anode:
2𝐻2 → 4𝐻 + + 4𝑒 −

(15)

At the cathode:
𝑂2 (𝑔) + 4𝐻 + + 4𝑒 − → 2𝐻2 𝑂

(16)

The overall reaction:
2𝐻2 + 𝑂2 → 2𝐻2 𝑂

11

(17)

Fig. 6. Scheme of Phosphoric Acid Fuel Cells [10].

C) Applications
The fuel cells can be used in different application areas as shown in the table 2. The main
application areas are the military, distribution generation, and transportation. In the
military, fuel cells became very important in many purposes such as the digital
communication systems, night vision devices, and global positioning systems which all
require high power. For transportation, the fuel cells have replaced the internal
combustion engines and that due to the depletion of fossil fuels. The PEMFC is a
promising fuel cell for the transportation sector and that is due to several advantages,
such as cost, low operating temperature, simple design, size, weight, and high power
density [5].
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Table 2. Comparison of Fuel Cell Technologies [12] [8] [7].
Fuel
Cell
Type

PEM

AFC

PAFC

MCFC

SOFC

Electrolyte

Polymer
Use a solution
of potassium
hydroxide in
water as their
electrolyte

Phosphoric
acid

Compounds of
salt like sodium
or magnesium
carbonates as
the electrolyte

Ceramic
compound of
metal such as
calcium oxides
or zirconium
oxides

Operating
Temperature

o

30-100 C

o

50 to 200 C

o

150-200 C

o

650 C

o

1000 C

Cell
Output
Ranges

1kW100kW

300W5kW

Up to
200kW

300kW2MW

1kW2MW

Efficiency

Applications

Advantages

Disadvantages

60%

-backup
power
transportation
-Distributed
generation

-Low temperature
-Quick start-up
-solid electrolyte
reduces corrosion
and electrolyte
management
problems

-Expensive
Catalysts
-Sensitive to fuel
impurities
-low
temperature
waste heat

- Military
- Space

-High performance
due to the fast
reaction in the
cathode
-low cost
components

Distributed
generation

-increased tolerance
to fuel impurities
-higher temperature
enables CHP

-long start-up
time
-low current and
power

-High efficiency
-fuel flexibility
-can use a variety of
catalysts
-suitable for CHP

-High
temperature
corrosion and
breakdown of
cell components
-long start-up
time

-High efficiency
-Fuel flexibility
-Can use a variety of
catalysts
-Easy to handle with
simple structure
-Solid electrolyte
-Suitable for CHP

-High
temperature
corrosion and
breakdown of
cell components
-High
temperature
operation
requires long
start-up time

60%

40%

45-50%

60%

13

-Electric
utility
-Distributed
generation

-Electric utility
-Distributed
generation

-Sensitive to
CO2 in fuel and
air

III. SOFC MODELING AND CONNECTION
A) Introduction
Among the different types of fuel cells that have been mentioned above, the SOFC shows
a great promise in the future due to many advantages, such as they operate with high
temperature and high efficiency compared to other fuel cells, easy to handle with simple
structure, low gases pollutant emission due to the high operation temperature, and the
carbon monoxide (CO) can be used as a fuel. In this work, the SOFC dynamic model that
has been used is shown in Figure 7. In addition, the Figure 8 shows the fuel cell model that
is connected to the grid. In this thesis, the MATLAB/SIMULINK software is used for the
sake of modeling and simulation.

Fig. 7. Dynamic model of SOFC.
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Fig. 8. Matlab Simulation Model with SDBR.

B) Working Principle of SOFC
The SOFC fundamentally consists of three parts as shown in figure 9, which are the
electrolyte, the anode, and the cathode. In the SOFC, the electrolyte is a solid ceramic
material and the cathode and the anode are made from porous ceramic material which
allow the SOFC to operate at high temperature which ranges between 600C and 1000C.
The SOFC’s operating principle is simple, at high temperature the oxygen flows along
the cathode and hydrogen flows along the anode [6]. For each mole of hydrogen
consumed, two moles of electrons are passed through the electric load. Therefore, to
convert electron flow, Faraday’s constant must be used. At the cathode 𝑂2 is reduced to
𝑂2− by taking up 2 electrons from the cathode material, which as a result of this will
become positively charged. The reaction occur at the cathode is given by:
O2 + 4e− → 2O2−

15

(18)

Where the oxygen molecule enters the cathode and because of the chemical potential
difference between the cathode and the anode side, the oxygen ion diffuses through the
electrolyte toward the anode, when it contacts the cathode/electrolyte interface, it gains 4
electrons from the cathode and splits into 2 oxygen ions. The reaction that occurs at the
anode is given by:
2𝐻2 + 2𝑂2− → 𝐻2 𝑂 + 4𝑒 −

(19)

Where the oxygen ions diffuse through the solid oxide electrolyte to the anode and react
with fuel to produce water. The overall reaction is that the electrons transport through the
anode to the external circuit and back to the cathode, the electro motive force (EMF) is
generated between two electrodes. The electrical current can be generated by the
recombination of the hydrogen and oxygen in the two electrodes which is connected via
an external circuit as shown in the

figure (9) [3]. Finally, the overall reactions are

given by:
1

𝐻2 + 2 𝑂2 → 𝐻2 𝑂

(20)

Where the fuel cell obtains the power from the enthalpy released during the overall
reaction. However, only a portion of the enthalpy can be converted to electrical power,
and the remainder will appear as heat released by the reaction. The electrolyte must only
allow the hydrogen or oxygen ions to pass through it and not electrons to avoid the loss
of the electrons and make it go through the external circuit [7].

16

Fig. 9. SOFC Schematic of the Reaction Process.

C) SOFC Types:
There are different types of SOFC and it can be classified according to different
parameter such as their temperature level, cell and stack design, flow configuration, type
of support, and fuel reforming type, as shown in the table 3. [8] [13].
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Table 3. The classification criteria of the SOFC.
Classification
Criteria
Temperature
level

cell and stack
design

type of support
flow
configuration
fuel reforming
type

Types
Low temperature 500-600C
Intermediate temperature 650-800C
High temperature 800-1200C
Planar (Flat-planar, radial-planner)
Tubular (Micro-tubular, tubular)
Integrated planner
Monolithic SOFC
self-supporting (Anode-supported, cathode-supported, electrolytesupported)
External-support (interconnect supported, porous substrate supported)
Co-flow
Cross-flow
Counter-flow
External reforming
Direct internal reforming
Indirect internal reforming

D) Basic Equations of SOFC
The important modeling equations of SOFC is explained below [1], [14].
1- Fuel utilization:
The fuel utilization is the ratio between the input and output flow rates of
hydrogen. From [15], the cell utilization (u) can be defined mathematically as
𝑢 =

2𝐾𝑟 𝐼𝐹𝐶

(21)

𝑖𝑛
𝑁𝐻2

𝑖𝑛
Where 𝑁𝐻2
𝑖𝑠 the input flow rate of hydrogen, Kr is a modeling parameter which has a
𝑁

value of 4𝐹0 , and IFC is the current drawn from the stack where it acts as a feedback to
18

adjust the partial pressures of the reactants according to the reaction rate. In order to
avoid any underused of overused conditions, the cell utilization must kept between 0.7 <
u < 0.9 otherwise the following conditions will occur.


If u < 70%, the cell voltage would rise rapidly.



If u > 90%, this could lead to permanent damage to the cells due to fuel starvation
[2].

2- The output DC voltage of the fuel cell:
The output fuel cell DC voltage across stack of the fuel cell at current I is given by
Nernst’s equation which is [16] [17] [18] [6] [19] [14] [9].
𝑉𝑓𝑐 = 𝐸 − 𝑉𝑎𝑐𝑡 − 𝑉𝑐𝑜𝑛 − 𝑉𝑜ℎ𝑚𝑖𝑐

(22)

Where E is the Nernst reversible voltage, 𝑉𝑎𝑐𝑡 is the activation loss, 𝑉𝑐𝑜𝑛 is the
concentration loss, and 𝑉𝑜ℎ𝑚𝑖𝑐 is the ohmic loss.
𝑅𝑇

𝑉𝑓𝑐 = 𝑁0 (𝐸0 + 2𝐹 [𝑙𝑛

0.5
𝑃𝐻2 𝑃𝑂2

𝑃𝐻2𝑂

]) − 𝑟𝐼

(23)

Where E0 is the voltage associated with the reaction free energy, R is the gas constant, and
r describes the ohmic losses of the stack, N0 is the number of cells in stack, I is the stack
current (in amps).

3- Activation voltage drop:
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Action voltage loss is caused by an activation energy barrier that must be overcome before
the chemical reaction occurs. To calculate the activation voltage drop, the Butler-Volmer
equation is normally used [17] [9].
𝑖 = 𝑖0 {𝑒 𝛽

𝑧𝐹𝑉𝑎𝑐𝑡
𝑅𝑇

𝑧𝐹𝑉𝑎𝑐𝑡
𝑅𝑇

− 𝑒 −(1−𝛽)

}

(24)

Where the first term is higher than the second under high-activation condition
𝑉𝑎𝑐𝑡 is the activation voltage drop.
𝑖0 is the apparent current exchange density.
𝛽 is the transfer coefficient, which considered to be the fraction of the change in
polarization that leads to the change in reaction rate constant.
The apparent exchange current is a function of temperature and can be calculated by
𝑘𝑎2
)
𝑇

𝑖0 = 𝑘𝑎1 𝑇𝑒 −(

(25)

By neglecting the second term in equation (24), the Tafel equation can be found as [17]
𝑉𝑎𝑐𝑡,𝑐𝑒𝑙𝑙 =

𝑅𝑇
𝑧𝛽𝐹

𝑖

𝑙𝑛 (𝑖 )

(26)

0

For the applications of the fuel cell applications, the value of β is 0.5 [20]. The value of
Vact can be unreasonable when 𝑖 is equal to zero. Equation (24) can be written as
𝑉𝑎𝑐𝑡,𝑐𝑒𝑙𝑙 =

2𝑅𝑇
𝑧𝐹

𝑖

𝑠𝑖𝑛ℎ−1 (2𝑖 )
0

The equivalent activation resistance can then be defined as
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(27)

𝑅𝑎𝑐𝑡 =

𝑉𝑎𝑐𝑡,𝑐𝑒𝑙𝑙
𝑖

=

2𝑅𝑇
𝑖𝑧𝐹

𝑖

𝑠𝑖𝑛ℎ−1 (2𝑖 )

(28)

0

The activation voltage drop of the SOFC can calculated by
𝑉𝑎𝑐𝑡,𝑐𝑒𝑙𝑙 = 𝑉𝑎𝑐𝑡0,𝑐𝑒𝑙𝑙 + 𝑉𝑎𝑐𝑡1,𝑐𝑒𝑙𝑙

(29)

Where 𝑉𝑎𝑐𝑡0,𝑐𝑒𝑙𝑙 = 𝜉0 + 𝜉1 𝑇, is the part of activation drop affected only by the fuel cell
internal temperature, while 𝑉𝑎𝑐𝑡1,𝑐𝑒𝑙𝑙 = 𝑖𝑅𝑎𝑐𝑡,𝑐𝑒𝑙𝑙 is both current and temperature
dependent [8].

1.25

Activation Loss
Ohmic Loss

Voltage (V)

1

Concentration Loss
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1

0.5
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1.5
Current (A)

2

2.5

3

Fig. 10. V-I polarization curve of an SOFC [9].

As we can see from figure (10), which illustrates the three different losses in the fuel cell,
when the fuel cell current increases the fuel cell voltage decreases. However, when the
current starts increasing from zero to less than 0.5, the activation voltage loss makes the
cell voltage drop dramatically. After that it decreases linearly because of the ohmic loss,
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and due to the effect of the concentration loss, the voltage dropped sharply when the
current approaches the maximum current density [9].
4- Ohmic voltage drop:
The resistance of the ionic conductors to the flow of the ions and the resistance of the
electronic conductors to the electrons that flow through it would cause the voltage to drop
and that is called ohmic voltage drop. The omhic resistance of an SOFC is calculated
simply as the sum of the anode Ra, Electrolyte Re, cathode Rc, and interconnector resistance
Ri [17] [8].
Rohm = Ra + Re + Rc + Ri

(30)

The overall ohmic voltage drop can be expressed as
Vohm, cell = Vohm, anode + Vohm, elecyt + Vohm, cathode + Vohm, interconnector

(31)

The electrolyte resistance is dependent on the temperature and is given by the following
equation
1

1

𝑅𝑒 = 𝑅𝑒0 𝑒 10100(𝑇−1273)

(32)

And the other parts of equation (30) are assumed to be constant and that due to the weak
dependence of temperature and to the small contributions to the total voltage drop [8].

5- Concentration voltage drop:
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During the reaction process, the voltage drop occur because of the gases at the channels
diffuse through the porous electrodes and the effective partial pressures of hydrogen and
oxygen at the reaction site are less than those in the electrode channels, while the
effective partial pressure of water at the reaction site is higher than that in the anode
channel. The concentration overpotential in the fuel cell can be obtained as [17] [16].

𝑉𝑐𝑜𝑛𝑐,𝑐𝑒𝑙𝑙 =

𝑅𝑇

{𝑙𝑛 [
4𝐹

𝑐ℎ 2 𝑐ℎ
(𝑃𝐻2
) 𝑃𝑂2
𝑐ℎ 2
(𝑃𝐻
)
2𝑂

] − 𝑙𝑛 [

∗ 2 ∗
(𝑃𝐻
) 𝑃𝑂2
2
∗
(𝑃𝐻
)2
2𝑂

]} = 𝑉𝑐𝑜𝑛𝑐,𝑎 + 𝑉𝑐𝑜𝑛𝑐,𝑐

(33)

Where

𝑃𝑂𝑐ℎ2 =

𝑖𝑛
𝑃𝑂
+𝑃𝑂𝑜𝑢𝑡
2
2

𝑃𝐻𝑐ℎ2 𝑂 =

𝑃𝐻𝑐ℎ2

𝑃𝑂∗2

=

(34)

2

𝑖𝑛
𝑜𝑢𝑡
𝑃𝐻
+𝑃𝐻
2𝑂
2𝑂

𝑖𝑛
𝑜𝑢𝑡
𝑃𝐻
+𝑃𝐻
2
2

(36)

2

= 𝑃𝑐𝑐ℎ − (𝑃𝑐𝑐ℎ −

𝑃𝑂𝑐ℎ2 )

×𝑒

𝑅𝑇𝑙𝑎

𝑃𝐻∗2 𝑂 = 𝑃𝐻𝑐ℎ2 𝑂 + 2𝐹𝐷

𝐻2 ,𝐻2 𝑂

𝑅𝑇𝑙𝑎

𝑃𝐻∗2 = 𝑃𝐻𝑐ℎ2 − 2𝐹𝐷

𝑉𝑐𝑜𝑛𝑐,𝑎 =

𝑉𝑐𝑜𝑛𝑐,𝑐 =

1+(𝑅𝑇𝑙𝑎 𝑖𝑑𝑒𝑛 )/(2𝐹𝐷

𝑅𝑇

(35)

2

𝑙𝑛 [ 1−(𝑅𝑇𝑙
2𝐹

𝐻2 ,𝐻2 𝑂

(

𝑅𝑇𝑖𝑑𝑒𝑛 𝑙𝑐
)
4𝐹𝑃𝑐ℎ
𝑐 𝐷𝑂2 ,𝑁2

𝑖𝑑𝑒𝑛

1

− 4𝐹 𝑙𝑛 { 𝑐ℎ [𝑃𝑐𝑐ℎ
𝑃𝑂2

−

(38)

𝑖𝑑𝑒𝑛

(39)

)
𝐻2 𝑂,𝐻2 𝑃𝑐ℎ
𝐻2 𝑂

𝑎 𝑖𝑑𝑒𝑛 )/(2𝐹𝐷𝐻 𝑂,𝐻 𝑃𝑐ℎ )
2
2 𝐻2

𝑅𝑇

(37)

(𝑃𝑐𝑐ℎ

−

]

𝑃𝑂𝑐ℎ2 )
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(40)

×𝑒

(

𝑅𝑇𝑖𝑑𝑒𝑛 𝑙𝑐
)
4𝐹𝑃𝑐ℎ
𝑐 𝐷𝑂2 ,𝑁2

]}

(41)

The equivalent resistance for the concentration voltage drop can be calculated as

𝑅𝑐𝑜𝑛𝑐,𝑐𝑒𝑙𝑙 =

𝑉𝑐𝑜𝑛𝑐,𝑐𝑒𝑙𝑙
𝑖

Where 𝑃𝐻∗2 the effective partial pressure of hydrogen is, 𝑃𝑂∗2 is the effective partial
𝑐ℎ
pressure of oxygen, 𝑃𝐻∗2 𝑂 the effective partial pressure of water, 𝑃𝐻2
the hydrogen

pressure at the channel, and 𝑃𝑂𝑐ℎ2 the pressure of the oxygen at the channel. 𝑖𝑑𝑒𝑛 is the
current density (A/m2). 𝑙𝑐 is the distance from cathode surface to the reaction site (m). 𝑙𝑎
is the distance from anode surface to the reaction site (m).
6- Fuel cell partial pressure:
Calculating the partial pressure of the hydrogen, water, and oxygen is very important in
calculating the fuel cell output voltage [17].
For the partial pressure of the hydrogen, oxygen, and water in the fuel cells are
represented by the following equation.
1
𝐾𝐻2

PH2 = [ 1+𝜏

𝐻2 𝑆

] (𝑞𝐻2 − 2𝐾𝑟 𝐼)

1
𝐾𝑜2

PO2 = [ 1+𝜏

𝑜2 𝑆

] (𝑞𝑜2 − 2𝐾𝑟 𝐼)

1
𝐾𝐻2𝑂

PH2O = [ 1+𝜏

𝐻2 𝑂𝑆

] (2𝐾𝑟 𝐼)

𝐼

𝑟𝑒𝑓
I = (1+𝜏
)
𝑆

(42)

(43)

(44)

(45)

𝑒

Iref is the reference current which is given by
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Iref =

𝑃𝑟𝑒𝑓

(46)

𝑉𝑓𝑐

q𝑂2𝑟 =

𝑞𝐻2

(47)

𝑟𝐻𝑂

7- Fuel cell power:
In this thesis, we assume that the rated power of this SOFC system is 100 kW and
the model parameters are given in table 4.
The real power output of the fuel cell is given by the following equation [21].
∗
𝑃 = 𝑅𝑒 (𝑉𝑎𝑐
𝐼𝑎𝑐 )

(48)

Where the Vac and Iac are the injected fuel cell node voltage and current.
When the SOFC is connected to an infinite bus as show in figure (11), then the output
active power is given by [21].
𝑃 =

𝑉𝑎𝑐 𝑉𝑠 𝑠𝑖𝑛𝛼

(49)

𝑋𝑠 +𝑋𝑇

Where
𝑉𝑎𝑐 = 𝑘𝑉𝑑𝑐
𝐼𝑑𝑐 =

(50)

𝑘𝑉𝑠 𝑠𝑖𝑛𝛼

(51)

𝑋𝑠 +𝑋𝑇

Where XT and XS are the transformer and transmission line reactance, and Vdc is given by
𝑘𝑉 𝑠𝑖𝑛𝛼

𝑘𝑉 𝑠𝑖𝑛𝛼

𝑘𝑉 𝑠𝑖𝑛𝛼

𝑉𝑑𝑐 = 𝑉𝑜 − 𝑟 ( 𝑋 𝑠+𝑉 ) − 𝑓1 ( 𝑋 𝑠+𝑉 ) − 𝑓2 ( 𝑋 𝑠+𝑉 )
𝑆

𝑇

𝑆
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𝑇

𝑆

𝑇

(52)

𝑘 =

𝑚

(53)

𝑉𝐵 2𝑛√2

Where m is modulation index, n is transformer ration, α is the angle between the fuel cell
bus voltage and the grid bus voltage, and 𝑓1 and 𝑓2 are nonlinear logarithmic functions
[21].
The power generation fuel cell system consists of three main parts as follow:
a) Fuel processor:
In this section, the fuel is converted into a useable fuel that can be used by the fuel cell,
such as the natural gas fuel is converted to hydrogen and byproduct gases. This process
goes through three steps, which are the desulphurization, reformation, and shift conversion
[8]. But in case the hydrogen is fed directly to the system, then this processor is not required
only to filter out the impurities from the hydrogen gas and prevent the reduction of the
efficiency and life expectancy of the fuel cell [11].
b) Fuel Cell stack (power section):
The fuel cells stack is the main section in the fuel cell power system which generates the
electricity in form of direct current (DC) [11]. Many of fuel cells must be connected in
series to form a stack of fuel cell and produce beneficial amount of power. However, there
are several factor that can affect the producing of power, such as the type of fuel cells, cell
size, the temperature at which it operates, and pressure at which the gases are supplied to
the cell [11].
c) Power Conditioner:
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In the power conditioner, the DC power can be converted to AC power output and includes
current, voltage, and frequency control. Through the power conditioning unit (PCU), the
power can by controlled for fast transient variation and that can be done by adjusting the
firing angle of the inverter or by controlling the input fuel flow [4]. The power conditioner
has time response of less than 10 ms, which give a power factor of 0.8 to 1.0 per unit [1].
Power conditioning efficiencies typically are on the order of 94 (4) to 98% [22]. Figure 11
shows that the SOFC is connected to an infinite bus. The output and input of the fuel cell
are shown in figure 12.

Fig. 11. Solid Oxide Fuel Cell connected to infinite bus [21].

Fig. 12.Fuel cell Input and Output [7], [4].
8- Fuel Cell Efficiency:
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The fuel cells have higher efficiency than the combustion engines whether piston or turbine
based. It can be calculated by dividing the electrical power output by the amount of energy
used up, where the energy used up can be measured in term of the higher heating value of
the hydrogen used [7].
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝜂) =

𝑝𝑜𝑤𝑒𝑟𝑜𝑢𝑡
𝑝𝑜𝑤𝑒𝑟𝑖𝑛

=

𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝐹𝑉𝑜𝑢𝑡𝑝𝑢𝑡
𝑛ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 ∆𝐻𝐻𝐻𝑉

=

2𝐹𝑉𝑜𝑢𝑡𝑝𝑢𝑡
∆𝐻𝐻𝐻𝑉

(54)

Where 𝑛 the flow rates in moles per second, F is the Faraday constant, V is the voltage of
the cell output, and ∆𝐻𝐻𝐻𝑉 is -285.8 kJ/mol. In practice, the higher heating value enthalpy
can be transformed to an equivalent voltage of 1.48 V, so that
𝜂 =

𝑉𝑜𝑢𝑡

(55)

1.48𝑉

By using Equation (55), the wasted heat generation can be calculated as
Q̇ = ṅ∆𝐻𝐻𝐻𝑉 (1 − 𝜂)

(56)

E) Model Assumption:
In this model several assumptions have been made such as
1- The fuel cell gases are ideal.
2- Only one pressure is defined in the interior of the electrodes.
3- The fuel cell temperature is invariant.
4- Nernst’s equation applies.

28

The Solid Oxide Fuel Cell system model parameters that are used in the simulation are
shown in table 4.
Table 4. SOFC system model parameters:
Parameter
T
Iin
F
R
E0
N0
Umax
Umin
Uopt
KH2
KH2O
KO2
τH2
τH20

Representation
Absolute temperature
Initial current
Faraday's constant
Universal gas constant
Ideal standard potential
Number of cells in series in the stack
Maximum fuel utilization
Minimum fuel utilization
Optimal fuel utilization
Valve molar constant for hydrogen
Valve molar constant for water
Valve molar constant for oxygen
Response time for hydrogen flow
Response time for water flow

Value
1273 K
100 A
96.487×106 (C/kmo)
8314 J/(kmol K)
1.18 V
540
0.9
0.8
0.85
8.43×10-4 (kmol/(s atm))
2.81×10-4 (kmol/(s atm))
2.52×10-3 (kmol/(s atm))
26.1 s
78.3 s

τ02
r
Te
Tf
rH_O
PF
Prate
Pref

Response time for oxygen flow
Ohmic loss per cell
Electrical response time
Fuel processor response time
Ration of hydrogen to oxygen
Power factor
Rated power
Real power reference

2.91 s
3.2813×10-4 Ω
0.8 s
5s
1.145
0.8
100 kW
100 kW

F) Grid interface Topology of SOFC:
Fuel cell are electrochemical energy conversion devices that generate inconstant and low
output voltage. Thus, they are unable to be connected directly to the utility grid. In order
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to connect the fuel cell to the grid, some interface devices and controllers must be used.
Figure 13 show the system integration of solid oxide fuel cell and power electronics
interface devices which comprises of a DC link capacitor, a DC/AC inverter, and
transformer. The fuel cells output voltage is a DC voltage and the grid voltage is an AC
voltage, the inverter function is to convert the DC voltage to an AC voltage. The inverter
is connected to grid bus through a transformer that is (delta/wye) and has rate of
(260V/25kV) which will increase the voltage to match the grid voltage. The series
dynamic braking resistor is installed between the transformer and the grid bus which can
minimize the fault effect on the interface devices.

Flow
Control
Valve
Fuel
Tank

Grid

260V/25 kV
Δ /Y
Fuel
Cell

0.5+jωs1µH

Infinite
Bus
jωs520µH

DC/AC
Inverter

SDBR

0.5+jωs1µH

F

Fault

Fig. 13. Schematic of grid connected system.
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IV. GRID STABILITY ENHANCEMENT DURING THE DISTURBANCES
A) Introduction
Researchers are addressing the stability issue from several points of view, and
several methods have been carried out to control the fuel cells. In order to guarantee the
continuation of the reaction, the fuel supply must be continued to the fuel processor. The
gas fuel is supplied to the fuel processor, according to the current drawing from the fuel
cell stack, which is controlled by a fuel valve with a controller [2]. It is very important to
control fuel utilization during any changes in the load or any interruptions that may occur
in the grid. The methods in [2] and [23] studied the fuel utilization and how it may affect
the performance and efficiency of the fuel cell. Consequently, reducing the fuel utilization
will lead to reduced efficiency of the fuel cell, and by keeping the utilization factor constant
during the SOFC operation lead to the reduced terminal voltage variations.
To connect the fuel cell distributed generation (DG) to the grid, the operation and
performance requirements must be met before the connection. The transient stability issue
should be studied when a fuel cell system will be connected to the grid. There is much
research focused in developing a right converter and inverter to improve the voltage and
power in the grid side. The DC/DC converter is used to keep the DC bus voltage within the
acceptable range. To control the DC bus voltage within the acceptable limit, the
conventional proportional integral (PI) controller has been used with the DC/DC converter
to regulate the output voltage by comparing the reference voltage with the output voltage
of the converter [24] and [5]. The ultracapacitor electrical storage energy has been
connected through a DC/DC converter to mitigate the impact of a large load perturbation
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on the electrical utility grid by charging and discharging to the power that is needed to
cover the deficit between the SOFC power and the demand power [23].
In [5], the DC bus voltage was regulated by the DC/DC converter with the use of
the conventional PI voltage feedback controller, while the real and reactive power were
controlled by the use of the dq transformed two-loop current control scheme on the inverter.
Also, for the fast dynamic response to load transients, a supercapacitor or battery bank were
connected to the DC bus to provide storage capability and fast dynamic response to load
transients [5]. During the process of converting the DC power into AC power, the inverter
will introduce a low frequency. Therefore, reducing the low frequency current ripple is
necessary in order to increase the efficiency and lifetime of the fuel cell. Waveform control
method with the differential inverter was developed by the Zhu and Tan to reduce the low
frequency current ripple [25]. Also, the bidirectional backup storage unit was used to
support the slow dynamic of the FC and to cancel the ripple current [26]. The active and
reactive power must be controlled during any transient disturbance to improve the system
stability. Therefore, many studies came up with several ways of controlling both the active
and reactive power, such as the PQ control algorithm, using fast signal conditioning for
single phase systems [26]. In addition, [21] controlled the power by adjusting the firing
angle of the inverter for fast transient variation. In [24], the coupling inductor was used to
control both real and reactive power.
Controlling the power and voltage and protecting the fuel cells devices are the
major concerns. The interface electronic devices need to be protected by a protection
device in order to avoid any damage to them or disconnection of the fuel cells during any
fault in the system. So, it is necessary to study the fault behavior and use the right protection
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device to protect these interface devices and maintain the system stability. In this thesis,
we are studying the fault effects on the grid voltage and power by implementing the model
of the SOFC in MATLAB/Simulink. The series dynamic braking resistor is proposed to
minimize the fault effect of the fuel cell system by balancing the power between grid’s side
and fuel cell’s side, and boosting the grid voltage. The SDBR has been introduced with
different power system, such as the wind farm and photovoltaic system, but not with fuel
cells system.
B) Operation of the SDBR:
For improving the stability of the grid network during the fault, the SDBR is proposed in
this work. The objective of using the SDBR is to balance the active power and boost the
grid voltage. When the fault occur at the grid side, the voltage will drop at the power
connecting point (PCC) side which cause the inverter to be incapable to deliver the power
generated by the fuel cell. The incapability of the inverter to deliver the produced power
by the FC leads the power to increase at the FC side which in turn will cause the DC link
voltage to increase and that is because of the imbalance power between the grid side and
fuel cell side. Therefore, SDBR must be used to balance the active power between both
sides during the fault. The SDBR is located between the grid bus and the fuel cells which
can increase the voltage of the grid bus during the fault and thereby prevent the DC link
voltage from increasing. In the normal conditions, the SDBR’s switch will be closed and
bypass the braking resistor. Once the fault take place, the voltage will drop below the
selected sept-point, the SDBR’s controller, which is represented in figure 10 will
compare between the reference voltage and measured voltage and if the measured voltage
is below the reference voltage, the switch would open. While the switch is open the
current flow through the SDBR and dissipate the excise power. The SDBR’s switch will
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remain open until the fault is cleared, then the voltage measured will increase above the
reference voltage and that lead to close the switch and the circuit would be restored to its
normal state. Figure 14 illustrates the control scheme of the SDBR where it has a value of
0.316pu in case of the three-phase-to-ground (3LG), two-phase-to-ground (2LG), and
single-phase-to-ground (1LG) faults types.

Fig. 14. Control scheme of the SDBR.
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V. SIMULATION RESULTS
In this study, the Matlab/Simulink software was used to investigate the
performance of SOFC during fault condition. Different types of fault have been applied at
one of the transmission lines located at the point F of the fuel cell connected power
system in figure 13. The types of fault that applied to the power system are listed as 3LG,
2LG and 1LG faults. The fault is simulated at 2.4 s and lasted for 0.6 s. The circuit
breaker will come into operation at 2.483 second and close at 3.32 second.
A) Three Phase Fault Responses:
The fuel cell DG is feeding power to the grid. Figure 15 shows the power delivered to the
grid from SOFC DG. During the fault period, the active power dropped to almost zero
and at 0.5 s, and increased to 2.08pu before it dropped back to the normal level which is
1pu. Also, it is shown that the SOFC active power has been improved with the use of the
SDBR where the power drop is minimized to 0.35pu and the increase is reduced from
2.09pu to 1.85pu.
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Fig. 15. Active Power for 3LG fault with and without SDBR.

The DC voltage of the SOFC with three phase fault is depicted in figure 16. The use of
the SDBR reduced the increase of the DC voltage during the fault period which in
consequence will improve the power stability by reduce the effect of the interface devices
which may occur when the DC voltage increase. Figure 17 shows the pressures of the
hydrogen, water, and oxygen in the SOFC. The partial pressure of the hydrogen and
oxygen increased when the three phase to ground fault occurs, while the water pressure
dropped and increased the fuel cell voltage. The pressure increase and decrease in the
fuel cell over short time period will cause stress on the materials in the fuel cell stack
which may be catastrophic to the fuel cell [27].
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Fig. 16. DC voltage for 3LG fault with and without SDBR.

(a) Oxygen pressure
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(b) Water pressure

(c) Hydrogen pressure
Fig. 17. SOFC hydrogen pressure, water pressure, and oxygen pressure for 3LG fault
with and without SDBR.
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Figure 18 shows the rms voltage without and with SDBR, where the voltage dropped to
zero when there is no protection device. When we used the protection device, we see the
voltage drop is reduced. Also, figure 19 depicts the rms current response to the fault.

Fig. 18. RMS terminal Voltage for 3LG fault with and without SDBR.

The power that is consumed by the SDBR is shown in figure 20. When the fault
happened, the SDBR came into operation and consumed 46 kW to stabilize the system.

39

Fig. 19. RMS terminal Current for 3LG fault with and without SDBR.

Fig. 20. Power Consumption by the SDBR during 3LG fault.
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B) Two Phase Fault Responses:
Figure 21 shows the DC link voltage response in case of 2LG fault. It is seen that the
voltage increased from 500 volt to 502.8 volt when the fault occurs and drops to 498 volt
before it goes back to the steady state position which is 500 volt. When the SDBR is in
operation, the increase in voltage was reduced to 501.5 volt, which has less effect
compared to the three phase fault.

Fig. 21. DC Voltage for 2LG fault with and without SDBR.

In figure 22, we see that the power drops from 1 pu to 0.51pu when the fault happens and
increases to 1.45 pu before it returns back to the steady state. Moreover, the improvement
of the power by using the SDBR is shown in the same figure, where the power drop has
been minimized.
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Fig. 22. Active power for 2LG fault with and without SDBR.

(a) Oxygen Pressure
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(b) Hydrogen Pressure

(c) Water Pressure
Fig. 23. Hydrogen, water, and oxygen pressure for 2LG fault with and without SDBR.
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Fig. 24. Water pressure zoomed in for 2LG fault without SDBR.

Figures 23 and 24 show the fuel cells’ pressures where we can see that the effect of the
pressure is less with two phase fault compared to that of the three phase fault. In figures
25 and 26, we see that the rms voltage and current have been improved with the use of
the SDBR where the rms voltage drop is minimized and the increase in the rms current
has been reduced, which in turn will reduce the losses in the line and improve the power
stability.

Fig. 25. Terminal RMS voltage for 2LG fault with and without SDBR.
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Fig. 26. Terminal RMS current for 2LG fault with and without SDBR.

Figure 27 illustrates the power that has been consumed by the SDBR when the fault
happens in two phases to ground. The amount of power consumed by the SDBR is
around 27 kW.

Fig. 27. Power Consumption by the SDBR during 2LG fault.
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C) Single Phase Fault Responses:
The active and reactive power for single phase fault are shown in figure 28, where we can
see the effect of the fault is small compared to that of the 2LG and 3LG faults. Also, the
pressures of the fuel cell are illustrated in figure 29.

Fig. 28. Active power for 1LG fault with and without SDBR.

(a) Oxygen pressure
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(b) Hydrogen pressure

(c) Water pressure
Fig. 29. SOFC hydrogen, water, and oxygen pressure for 1LG fault with and without
SDBR.
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From figure 30, it observed that the RMS phase voltage got effected during the fault
period. The phase voltage dropped from 14.43kV to zero without the SDBR, but when
the SDBR is implemented, the phase voltage drop has been improved from zero to 11kV.

Fig. 30. RMS phase voltage for 1LG fault with and without SDBR.

Figure 31 illustrates the RMS current without and with SDBR for single phase fault,
where it shows that during the fault period the RMS current increases from 1.45 A to
almost 33 A. After 2.5 s, it goes back to the steady state position which is 1.45A.
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Fig. 31. RMS phase current for 1LG fault with and without SDBR.

The fuel cell DC voltage for the single phase fault period is shown in figure 32, where the
effect of the fault is very small to be taken into account. The power consumed by the
SDBR is shown in figure 33, where the power that has been consumed by the SDBR is
around 5 kW.

Fig. 32. DC Voltage for 1LG fault with and without SDBR.
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Fig. 33. Power Consumption by the SDBR during 1LG fault.

Table 5 shows the stability index values which are used to evaluate the transient stability
for different faults. The indexes are calculated through equations 57 and 58, where T
refers to the simulation time selected to 7s. Also, ∆𝑉 and ∆𝑃 denote the PCC voltage
deviation and power deviation of the fuel cell at the PCC, respectively. These index
values indicate the system performance, where the lower the values, the better the
performance of the system.
𝑇

𝑃𝑖𝑛𝑑𝑒𝑥 = ∫0 |∆𝑃|𝑑𝑡
𝑇

𝑉𝑖𝑛𝑑𝑒𝑥 = ∫0 |∆𝑉|𝑑𝑡
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(57)

(58)

Table 5. Performance indices.

Type
of Fault

3LG

2LG

1LG

SDBR

No
SDBR

Improve
ment

SDBR

No
SDBR

Improve
ment

SDBR

No
SDBR

Improve
ment

Pindex

0.1795

0.2782

35.47%

0.1335

0.170

21.47%

0.1015

0.1249

18.73%

Vindex

0.05683

0.09413

39.62%

0.02613

0.09221

71.66%

0.04169

0.06353

34.37%

Index
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VI. CONCLUSION AND FUTURE WORK
A) Conclusion
The SOFCs are considered one of the most promising renewable energies in the
future due to the advantages mentioned earlier. Several studies have been completed in
the past to improve the stability of the fuel cell distribution generation. The past works
concentrated on inverter and DC/DC converter design and control to stabilize the fuel cell
system during the load changing or any transience in the system. However, a grid
connected fuel cell system might not be stabilized fully using only inverter/ converter
control. Consequently, additional control means a device is needed that can improve the
SOFC fault ride through capability during the fault or change in the load.
In this thesis, the performance of SOFC based DG system connected to the grid has
been studied during several different fault conditions. The SOFC is design to provide a
fixed amount of power to the grid. A control strategy has been developed using the SDBR
control means to improve the fault ride through the SOFC and stabilize the power system.
From the simulation results, it is shown that the proposed SDBR device is capable to
minimize the active power and voltage drop during both balanced (3LG) and unbalanced
(2LG and 1LG) faults at the terminal grid and reduce the increase of the DC voltage, which
in turn minimizes the effect on the interface device and improves the system stability and
reliability.
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B) Future Work
In the future, other control devices will be explored to investigate the SOFC’s
performance and capability of improving the power system stability during disturbances
and compare it with the present results. Also, protection of the interface device needs to
be studied with the new control means. Finally, the internal fault effect needs to be
investigated with these control means.
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